A unique fucosylated chondroitin sulfate type II with strikingly homogeneous and neatly distributed α-fucose branches 
Introduction
The extracellular matrix of the body wall of sea cucumbers (Echinodermata: Holothuroidea) is rich in two classes of fucosebearing polysaccharides (Mourão 2007; Mourão et al. 2018) : (1) fucosylated chondroitin sulfates (FCSs) and (2) sulfated fucans (SFs). These polysaccharides are conspicuous components of the dynamic catch connective tissues involved in diminishing the energy expenditure during the locomotion of those echinoderms (Tamori et al. 2016) . The FCSs are glycosaminoglycan (GAG)-like polysaccharides found exclusively in the body wall of sea cucumbers. Since its original description in 1988 (Vieira and Mourão 1988) , different research groups have been isolating and characterizing structurally diverse FCSs from several species of sea cucumbers (Mourão et al. 1996; Chen et al. 2011 Chen et al. , 2013 Wu et al. 2012; Luo et al. 2013; Panagos et al. 2014; Dong et al. 2014; Santos et al. 2015; Ustyuzhanina, Bilan, Dmitrenok, Tsvetkova, et al. 2016; Mou et al. 2017; Ustyuzhanina, Bilan, Dmitrenok, Borodina, et al. 2017; . These unique sulfated polysaccharides (SPs) are composed of a chondroitin sulfate (CS) core, similar to those found in mammalian tissues but with high proportions of β-galactosamine-4,6-diS units, decorated with branches of sulfated α-fucose attached to the position 3-of the β-glucuronic acid unit component of the CS core (Santos, Porto, et al. 2017) . Although the structure of the CS core of FCSs is mostly the same, their α-fucose branches vary greatly among different species of sea cucumbers (Santos, Porto, et al. 2017) . Similarly, the SFs from sea cucumbers, built up by repetitive tetrasaccharide sequences composed of 1→3-linked α-fucose units, also present sulfation patterns differing in a species-specific manner (Mourão et al. 2018) .
Although the actual biological role of the FCS as a component of the catch connective tissues of sea cucumbers is still elusive, their pharmacological properties in a range of pathophysiological systems were already plentifully demonstrated (Pomin 2015) . FCS is a potent anticoagulant agent that acts mostly through the intrinsic tenase and prothrombinase complexes (Glauser et al. 2008) ; furthermore, it has been shown recently that FCS preserves its anticoagulant activity even when administrated orally (Fonseca et al. 2017) . Methods for fragmentation of FCSs using N-deacetylation with hydrazine or free radical depolymerization have been proposed to produce lowmolecular weight FCS with anticoagulant activity triggered by the intrinsic tenase complex but without the undesirable procoagulant effect promoted by the activation of factor XII Li et al. 2017) . Besides the anticoagulant activity, FCSs from different sea cucumbers also exert therapeutic effects on thrombosis, hemodialysis, atherosclerosis, cellular growth, angiogenesis, fibrosis, tumor growth, inflammation, viral and protozoan infections, hyperglycemia, diabetes-related pathological events and tissue damage (Pomin 2015) . It is noteworthy that most of these pharmacological properties are not seen in nonfucosylated CSs; therefore, a wide range of therapeutic effects undertaken by FCSs are intrinsically related to the presence of their α-fucose branches.
Currently, 20 species of sea cucumbers had their FCSs fairly characterized and all of them have presented distinctive α-fucose branch compositions (Mourão et al. 1996; Chen et al. 2011 Chen et al. , 2013 Wu et al. 2012; Luo et al. 2013; Panagos et al. 2014; Dong et al. 2014; Santos et al. 2015; Ustyuzhanina, Bilan, Dmitrenok, Tsvetkova, et al. 2016; Mou et al. 2017; Ustyuzhanina, Bilan, Dmitrenok, Borodina, et al. 2017; Ustyuzhanina et al. 2018 ). Such differences can regard to the sulfation pattern of the α-fucose units (2,4-or 3,4diS and 3-or 4S) , as well as the proportion of these different units along the FCS, and to the presence of branches composed of one (monofucosylated) or two (difucosylated) α-fucose units (Santos, Porto, et al. 2017) . On the basis of these differences, we can observe two distinct structural patterns in the branching of FCSs: the first composed exclusively of monofucosylated branches (FCS type I) and the second composed of mono and difucosylated branches (FCS type II), as depicted in Figure 1 . Within the FCSs described so far only those from the species Holothuria (Halodeima) grisea (previously named as Ludwigothurea grisea) and Eupentacta fraudatrix present mono and difucosylated branches and hence can be classified as an FCS type II (Vieira and Mourão 1988; ; therefore, the vast majority of FCSs (90%) already described have monofucosylated branches only and thus belong to the FCS type I class.
During our search for novel FCSs, we came across a novel FCS type II extracted from the body wall of the sea cucumber Holothuria (Vaneyothuria) lentiginosa. The FCSs type II from H. grisea and E. fraudatrix present heterogeneous mono and difucosylated branches (sulfation patterns) irregularly distributed along the CS core; differently, the FCS type II from H. lentiginosa has strikingly homogeneous α-fucose branches neatly distributed along the CS core. In the present work, we described the fine structure of the FCS from H. lentiginosa via 1 H and 13 C 1D, 2D and 3D solution nuclear magnetic resonance (NMR) spectroscopy. The conformation of this FCS was investigated in detail using 2D and 3D NMR spectra through the NOE-restrained modeling. We further characterized the SF extracted from H. lentiginosa via 1D and 2D NMR spectroscopy and compared its structure with SFs from akin species. Besides these in-depth chemical characterizations, we also compared the in vitro anticoagulant potency of FCS type II (from H. lentiginosa and H. grisea) with FCS type I (from Isostichopus badionotus) as well as their affinities to exogenous calcium. Since all the FCSs characterized thus far present α-fucose branches varying in a species-specific manner, we revisited these structural differences and discussed them within the framework of the latest molecular phylogeny inferences on the extant holothurians.
Results and discussion
Purification of FCS and SF from H. lentiginosa Raw extracts of sulfated polysaccharides obtained through proteolytic digestion of the body wall of H. lentiginosa were fractionated via anion-exchange chromatography using a DEAE-MacroPrep (Biorad) column. The chromatograms reveal three distinguishable peaks: the first peak, completely eluted with 1.5 M NaCl is rich in hexuronic acid and thus represents the FCS containing the β-glucuronic acid of its CS core; a minor peak eluted with~1.75 M NaCl representing a complex heteropolysaccharide (HP) present in minute quantities in those tissues and a third peak eluted with higher concentrations of NaCl (>2.0 M NaCl) corresponding to the SF (Figure 2A) .
After the fractionation, the purity of the FCS isolated from H. lentiginosa was further assessed using an analytical Mono-Q column (GE-Healthcare) linked to a high-performance liquid chromatography (HPLC) system (Shimadzu). The FCS co-elutes with OSCS as a single and narrow peak with higher NaCl concentrations than Hep and DS ( Figure 2B ). Molecular weight parameters of this FCS were calculated from size-exclusion chromatograms obtained using a set of analytical columns (TSK3000 + TSK4000; Tosoh) linked to a HPLC system and previously calibrated with standard Heps (Figure 2C ). Both the molecular weight (50.8 kDa) and the polydispersity (PD) (1.10) of H. lentiginosa FCS are in a similar range with those calculated elsewhere Santos, Porto, et al. 2017) for the FCSs from H. grisea and I. badionotus (Table I ). This set of analytical assessments clearly demonstrates the purity and homogeneity of the FCS from H. lentiginosa and that, despite of the structural differences, the molecular weight of FCSs from different species is fairly alike.
FCS from H. lentiginosa has homogeneous and neatly distributed α-fucose branches Four well-defined anomeric signals assigned by comparison as components of the α-fucose branches where clearly observable in both Fig. 2 . Fractionation of the sulfated polysaccharides from H. lentiginosa. (A) Fractionation of crude extracts of polysaccharides from H. lentiginosa (50 mg) using a DEAE-Macro-Prep column yielded three peaks corresponding to the FCS, a minor HP and the SF. Fractions were monitored by carbazole reaction (blue line), 1,9-dimethylmethilene blue (black line) and NaCl concentration (red line). (B) Purified FCS from H. lentiginosa (blue line), heparin (Hep), dermatan sulfate (DS) and oversulfated chondroitin sulfate (OSCS), 1 mg of each (dashed black line), were analyzed using a Mono-Q column eluted with increasing NaCl concentrations (red line) monitored via UV (215 nm). (C) Molecular weight calibration curve of gel permeation columns TSK 4000-TSK 3000 using as calibrants shark chondroitin 6-sulfate (57 kDa from EP) and standard Heps (32, 18 and 10 kDa from NIBSC and USP). (D) Molecular weight of FCS from H. lentiginosa (blue line) and the sixth International Heparin Standard from USP (dotted black line), 200 μg of each, were analyzed using TSK 4000-TSK 3000 columns monitored via refractive index. Molecular weight parameters were calculated on the basis of calibration curve. See data in Table I . Figure 3C ) spectra of the purified FCS from H. lentiginosa, indicating the presence of four α-fucose units with different sulfation patterns in these branches. Such spectra were surprisingly clear and simple in comparison to those from the FCSs type II from H. grisea and E. fraudatrix, which always present spectra with an intricate set of anomeric signals assigned to the α-fucose units, denoting the high heterogeneity of their branches (Mourão et al. 1996; Santos et al. 2015) . See the anomeric region of 1D 1 H spectrum of H. grisea FCS in Figure 3B for comparison. Therefore, the FCS type II from H. lentiginosa represents the first of its class bearing homogeneous branches of α-fucose. (Table II ). The~0.6 ppm downfield shift of protons at the sulfation sites allows us to determine the sulfation pattern of all four α-fucose units' component of the branches as α-Fucp-2,4diS (unit Figure 1C .
b Santos et al. (2015) . A), α-Fucp-4S (unit B), α-Fucp-3,4diS (unit C) and α-Fucp (unit D). The anomeric signals of these α-fucose units have equimolar proportions as well as those from the β-D-glucuronic acid and β-D-galactosamine-4,6diS components of the CS core (Table III) . The chemical shifts observed for all of these units are in strict accordance with data available in the literature Santos, Porto, et al. 2017 ).
Once we have determined the sulfation pattern of both the α-fucose units of the branches and the components of the CS core, the next step was to establish how these units link one with another along the CS core of the FCS. The linkage of these units was determined on the basis of 1 H-1 H TOCSY/NOESY, phase-TOCSY and 1 H/ 13 C HMBC spectra ( Figure 4A , B and C, respectively). We have clearly observed inter-residue NOEs (NOESY/TOCSY spectrum) and inter-residue ROEs (phase-TOCSY spectrum) connecting H1 of units A, B and C with H3 of the β-glucuronic acid of the CS core ( Figure 4A and B, respectively). On the other hand, H1 of unit D (α-Fucp nonsulfated) shows no connections with H3 of the β-glucuronic acid but with H3 of units A and B in both TOCSY/NOESY and phase-TOCSY spectra. Nevertheless, only the connection between H1 of unit D and C3 of unit B was detected in the HMBC spectrum ( Figure 4C ), confirming that only these units are the components of difucosylated branch, where the nonsulfated unit D at the nonreducing end links to the position 3 of the 4-sulfated unit B, which in turn links to the position 3 of the β-D-glucuronic acid of the CS core. Therefore, the FCS type II from H. lentiginosa has two distinct monofucosylated branches 2,4-or 3,4-disulfated (units A and C, respectively) and one difucosylated branch with one α-Fucp-4S linked to the CS core and other nonsulfated α-Fucp at the nonreducing end. After we established how the α-fucose units of the difucosylated branches link one with another and with the CS core, we further investigated whether these branches are distributed randomly or regularly along the CS core. This has shown to be a difficult task because both the two monofucosylated and the difucosylated branches are covalently linked to the position 3 of β-glucuronic acid of the CS core. However, a set of clear and well-defined signals observed in the TOCSY-NOESY and HMBC spectra showed a regular and repetitive distribution of these branches along the CS core ( Figure 4A and C). A particular interresidue NOE between H1 of unit C and H4 of unit A (C1-A4, see the dashed arrow in Figure 4A ) clearly showed that unit C is followed by unit A. Signals of glycoside bonds α[1→3] between the units C and U (H3 of β-glucuronic acid) are closely followed in a high-to-down field direction by those between units A and U (U H3 -C C1 and U H3 -A C1 , see Table II . Figure S1 ). 
The proportions of residues were calculated via integral (absolute values) after deconvolution of the 1 H anomeric signals in the 1D spectra (see Figure 2B ). dashed squares in Figure 4C ), confirming the sequence of these units. Determination of the repetitive sequence of the other α-fucose units along the CS core was accomplished using the inter-NOE connections A1-D2, D1-B3 and B1-C5 seen in the TOCSY/NOESY spectra, which show that unit A is followed by the difucosylated branch, composed by the units B and D, which in turn is followed by the unit C ( Figure 4A ). This neat distribution of the α-fucose units along the CS core is also supported by the connections highlighted for dashed squares shown in the HMBC spectra ( Figure 4C ).
In conclusion, we showed that the FCS type II from H. lentiginosa is built up by a repetitive set containing three sequential saccharide units, each one composed of a typical disaccharide unit from the CS core of FCSs (enriched with β-galactosamine-4,6-diS) substituted at position 3 of the β-glucuronic acid by two distinct monofucosylated Figure 5 ). The α[1→3] glycoside bonds between these α-fucose units and the β-glucuronic acid of the CS core or between themselves (units B and D of the difucosylated branch) were unambiguously proved through the scalar coupling between 13 C of one unit with 1 H of the adjacent unit derived from the HMBC spectrum ( Figure 4C ). The FCS type II from H. grisea has been exhaustively studied for nearly three decades using state-of-art NMR techniques including 2D NOESY, TOCSY, phase-TCOSY and HMBC; nevertheless, a neat distribution of their α-fucose branches were not observed thus far, otherwise, those branches seem to be randomly distributed along the CS core (Mourão et al. 1996; Santos et al. 2015) . In spite of being less studied, the α-fucose branches of the FCS type II from E. fraudatrix seems to follow the same randomly distributed pattern seen in the FCS from H. grisea . Therefore, the unique FCS type II from H. lentiginosa is the first of its kind bearing a regular and repetitive sequence of α-fucose branches.
Conformation of FCS type II from H. lentiginosa
We investigated the conformation of the FCS type II from H. lentiginosa via high-resolution NMR spectroscopy by overlapping its 1 H/ 13 C HSQC on its 3D 1 H-1 H/ 13 C NOESY-HSQC spectra ( Figure 6 , in red and blue, respectively). We also employed the NOESY cross-peaks between H2 of β-GalNAc and H5 of the α-fucose rings of units A, B and C ( Figure 4A ). Based on these spectra, we observed that at the 13 C plane (51.9 ppm) the H2 of the β-GalNAc of the CS core presents inter-NOE cross-peaks with the H5 and CH 3 of the α-fucose rings of the units A, B and C, indicating that all sulfated α-fucose units are stacked on the top of the β-GalNAc and thus present a high degree of rigidity. This finding is in accordance with the rigid structure previously described via solution NMR and molecular dynamics simulation for the FCS type I from Holothuria forskali and an α-fucose containing Lewis X (Le X )-trisaccharide from human blood (Poppe et al. 1997; Panagos et al. 2014 ). On the other hand, no NOE was observed between the H5 group of the unit D and the H2 of the β-GalNAc, as shown by the 0.7 ppm high-field shifted H5 signal of its ring ( Figure 6 and Table II ). The unit D at the nonreducing end of the difucosylated branch has probably more freedom movements than the other sulfated α-fucose units.
On the basis of intensities of the intra-and the inter-residue NOEs extracted from the (Table IV) , we built up the NOE-restrained structure of a repetitive set containing the three sequential saccharide units' component of the FCS from H. lentiginosa ( Figure 7A ). This set has a difucosylated branch with a nonsulfated α-fucose unit at the nonreducing end. The structure obtained using this modeling revealed that all their α-fucose units have a rigid arrange similar to those seen in the Le X -trisaccharide mentioned above ( Figure 7B and C). The short inter-proton distances (2.4-2.8 Å) between the β-GalNAc and the α-fucose units and the high levels of sulfation do not alter this conformation and hence the 11 sulfate groups present in the repetitive set of saccharide units are brought to close proximity, forming a wide negative patch. As previously reported through theoretical calculations, the hydrogen bond between H5 of fucose and O5 of galactose of an Le X -trisaccharide exerts a significant stabilizing effect in its conformation (Poppe et al. 1997) . The combination of hydrogen bonds, similar to those seen in the Le X -trisaccharide, and van der Waals interactions explains the rigidity of the FCS from H. lentiginosa, despite of its high sulfate content.
SFS from H. lentiginosa and H. grisea have identical structure
The structure of the SF purified from H. lentiginosa (Figure 2A Figure S3 ) spectra clearly revealed the presence of four anomeric signals assigned to α-fucose units. Table V presents   1   H and   13 C chemical shifts of all the four α-fucose units observed in these spectra. The~0.6 ppm downfield shift of protons at sulfation sites allowed us to easily determine the sulfation pattern of each α-fucose unit: α-Fucp-2,4diS (unit A), α-Fucp-2S (unit B), α-Fucp-2S (unit C) and α-Fucp (unit D). All these anomeric signals occurred in equimolar proportions and their chemical shifts are in strict agreement with values available in the literature (Ribeiro et al. 1994; Wu et al. 2015) . The spin systems of these α-fucose units were further analyzed via 1 H-1 H TOCSY/NOESY and phase-TOCSY NMR spectra ( Figure  8C and D) . The sequence of the α-fucose units along the SF was determined correlating the inter-NOEs (TOCSY/NOESY) and ROEs (phase-TOCSY) between H1 and H3 protons involved in the glycoside bond (Mourão et al. 2018) . These spectra revealed that the SF of H. lentiginosa is built up of a tetrasaccharide repetitive sequence composed Figure 8E) .
All of the eight SFs from sea cucumbers described thus far presented tetrasaccharide repetitive sequences varying in a speciesspecific manner (Mourão et al. 2018) ; however, H. lentiginosa and its co-generic species H. grisea (Ribeiro et al. 1994) presented SFs with identical structures. Half of the SFs already described, including those from H. lentiginosa and H. grisea, present tetrasaccharides built up by one 2,4diS-αFucp, two 2S-αFucp and one nonsulfated αFucp units; notwithstanding, the arrangement of these units along the tetrasaccharide sequence always differed between species (Mourão et al. 2018) . Besides presenting identical SFs, H. lentiginosa and H. grisea also present similar FCSs type II differing only by the sulfation pattern of one α-fucose unit of the difucosylated branch (3-sulfated in H. grisea and 4-sulfated in H. lentiginosa) and by the proportions of their α-fucose units Santos, Porto, et al. 2017) . The enzymatic machinery involved in the synthesis of both SFs and FCSs as well as their related genes are still far from be determined. This becomes clear since all the attempts to fucosylate CSs performed so far employed chemical and nonenzymatic approaches (Laezza et al. 2015 (Laezza et al. , 2016 Vinnitskiy et al. 2017) ; moreover, all the investigations involving fucosyltransferases and glycans regard on Le X -oligosaccharides (e.g., Malleron et al. 2006; Hiraoka et al. 2007; Malleron and Le Narvor 2008) . In spite of the lack of information on the biosynthesis of those polysaccharides, both the FCSs and SFs from H. grisea and H. lentiginosa share a similar α-fucose unit: α-Fucp-2,4diS. Therefore, it is possible to speculate that the same set of sulfotransferases might be involved in the sulfation of this conspicuous unit during the synthesis of SFs and FCSs from both species. Moreover, the other strict similarities seen in the SFs and FCSs from these akin species raise the question of how conserved are the genes coding the enzymes involved in the biosynthesis of these polysaccharides.
Presence of nonsulfated α-fucose in FCS type II does not affect their anticoagulant activity and affinity to calcium
Pharmacological properties of FCSs are intrinsically related with the presence of their sulfated α-fucose branches. The pivotal role of these branches is clearly demonstrated by submitting FCSs to reactions of defucosylation and desulfation that abolishes their therapeutic effects on different pathophysiological systems. In the case of FCS type II, such as that from H. lentiginosa, the presence of , in which r denotes the distances between the proton pairs, NOE is the intensity of the peaks, and ref is the referential values used for normalization. As the studied units are Fucp at the exclusive 1 C 4 ring configuration, the H1-H2 intra-residual NOE-based inter-proton distance must be 2.4 Å. Therefore, the D H1 -D H2 distance of 2.4 Å was used for normalization. c NOE intensities were set as strong (2.5 Å), medium (>2.5 and 3.7 Å) and weak (>3.7 Å). The internuclear distances were measured in a theoretical FCS structure created by molecular modeling using the Discovery Studio Visualizer 2016 software (BIOVIA, Dassault Systèmes). nonsulfated α-fucose units at the nonreducing end of the difucosylated branches might block the access of the subjacent sulfated α-fucose units attached to the CS core to putative target ligands and thus impairing their biological effects.
To evaluate whether the presence of nonsulfated α-fucose units can affect the therapeutic effects of FCSs, we compared the anticoagulant activity of the FCSs type II from H. grisea Santos, Porto, et al. 2017 ) and H. lentiginosa, with different quantities of difucosylated branches containing nonsulfated units (53 and 33%, respectively), with the FCS type I, free of nonsulfated α-fucose, from I. badianotus . The in vitro anticoagulant potency of these three FCSs measured via activated partial thromboplastin time (APTT) assays is very similar (Table VI) . Despite of the apparent differences in the anti-FXa and anti-FIIa activities among the three FCSs (Table VI) , their anticoagulant potencies measured using these assays are greatly reduced in comparison with Hep (~180 IU mg ), which make these differences meaningless taking into consideration their actual anticoagulant activity measured via APTT. When purified antithrombin (AT) is replaced by diluted human plasma, which contains also Hep cofactor II, we observed a significant increase in the anticoagulant activity; nevertheless, such increase is similar for all the three FCSs and thus is not influenced by their different nonsulfated α-fucose content (Table VI) . These results clearly showed that the presence of nonsulfated α-fucose units at the nonreducing end of difucosylated branches of FCSs type II does not affect their anticoagulant activities.
Anticoagulant activity of FCS is mostly exerted by the inhibition of intrinsic tenase and prothrombinase complexes and therefore acts through serpin-independent mechanisms (Glauser et al. 2008) . The results presented here indicate that neither the composition (sulfation pattern) nor the arrangement (mono or difucosylated) of the α-fucose branches of different FCSs is directly related to their anticoagulant potencies. Possibly, only few sulfated α-fucose branches along the CS core are enough to bind the FCSs to their target proteins on the coagulation system and hence further sulfated α-fucose units do not increase the anticoagulant potency.
The different pharmacological activities exerted by FCSs rely on the presence of their α-fucose branches and are entirely unrelated to their physiological functions as components of the catching connective tissues of sea cucumbers (Tamori et al. 2016) . The ability of FCSs to bind calcium is also featured by the presence of α-fucose branches and possibly relates to their physiological role in the dynamic catching connective tissues (Ruggiero et al. 1994; Tamori et al. 2016) . To evaluate the affinity of FCS types I and II (from I. badianotus and H. grisea, respectively) to calcium, we titrated them against murexid and calcium as previously described Table IV for NOEs values). In these panels, some constituents of the CS core were represented using wire model, while the α-fucose branches stacked upon its respective CS disaccharide were represented in stick model to provide the clearest observation. Green arrows represent the tendency of the α-fucose branches in overlapping the β-galactosamine-4,6-diS units; protons and inter-proton distances are depicted in pink and blue, respectively. Carbon, hydrogen, oxygen and sulfur atoms are in dark gray, light gray, red and yellow, respectively. C chemical shifts (ppm) of the α-L-fucose residues of the SF from H. legitinosa The proportions (% of total) of α-L-fucose residues were calculated via integral (abs.) after deconvolution of the 1 H/
13
C anomeric signals in the quantitative HSQC spectra (see Supplementary data, Figure S3 ). Means ± SD of three determinations. (Ruggiero et al. 1994 ). Both FCS types I and II had similar affinity to calcium (Kd~1.2 mM) but higher than CS from mammals (Kd >6.7 mM); therefore, the presence of nonsulfated α-fucose units do not yield consistent differences in the affinities of FCS types I and II to calcium.
Diversity of FCSs within the extant holothurians
Sulfated polysaccharides bearing α-fucose are quite common among marine organisms; for example, the highly complex fucose-bearing SPs found in several species of marine sponges (e.g., Vilanova et al. 2016) ; the fucoidans, complex SFs present in diverse taxa of marine alga (e.g., Pereira et al. 1999 ) and the conspicuous SFs and FCS from echinoderms. SFs are found in the egg jellies of sea urchins and as components of catch connective tissues of sea cucumbers; otherwise, the unique FCSs can be found exclusively in the body wall of sea cucumbers (Mourão et al. 2018) . Since all the species of sea cucumbers investigated thus far have had FCS in their tissues, this polysaccharide must be considered an autapomorphic molecular character of the class Holothuroidea (Mourão et al. 1996; Chen et al. 2011 Chen et al. , 2013 Wu et al. 2012; Luo et al. 2013; Panagos et al. 2014; Dong et al. 2014; Santos et al. 2015; Ustyuzhanina, Bilan, Dmitrenok, Tsvetkova, et al. 2016; Ustyuzhanina, Bilan, Dmitrenok, Borodina, et al. 2017; Ustyuzhanina et al. 2018; Mou et al. 2017) .
Twenty-one species (including H. lentiginosa) from six families of holothurians have hitherto had their FCSs characterized (Figure 9 ). Most of these FCSs were obtained from species of the family Holothuridae (9 species, 43%), notably, from species of the genus Holothuria (6 species, 29%). Other families having representatives with FCSs already characterized are Cucumariidae (3 species, 14%), Sclerodactylidae (1 species, 5%), Phyllophoridae (1 species, 5%), Stichopodidae (6 species, 29%) and Caudinidae (1 species, 5%) ( Figure 9 ). All these FCSs present similar CS cores with high proportions of β-galactosamine-4,6diS units, however, their α-fucose branches differ in a species-specific manner ( Figure 9 ). Except for the species Cucumaria frondosa and Cucumaria japonica, both bearing only 2,4diS-and 3,4diS α-fucose branches, but in different proportions Ustyuzhanina, Bilan, Dmitrenok, Borodina, et al. 2017) , and Stichopus horrens and Stichopus chloronotus, which have monofucosylated branches exclusively 2,4diS- (Ustyuzhanina et al. 2018) , none of the other species characterized thus far have FCSs with the same composition and arrangement of mono and/or difucosylated branches ( Figure 9) . Undoubtedly, the α-fucose-2,4diS branches are the most common, being found in 90% of the FCSs; only the early-derived species Massinium magnum (151 Ma -mega-annum) and E. fraudatrix (91 Ma), both from the order Dendrochirotida Miller et al. 2017) , do not present branches with that composition (Figure 9 ). The second most common branches within the FCSs are those composed of α-fucose-3,4diS, present in 67% of the species studied thus far ( Figure 9 ). It is noteworthy that the ancient M. magnum is the only species bearing a single type of branch, composed exclusively of 3,4-disulfated α-fucose (Ustyuzhanina, Bilan, Dmitrenok, Borodina, et al. 2017) ; however, other early-derived species such as A. molpadioides (102 Ma) present FCS (Dong et al. 2014 ) with a complex arrangement of branches composed of different types of α-fucose units (Figure 9 ). Monosulfated branches composed of 4-sulfated α-fucose are also common, being present in 57% of the FCSs; on the other hand, branches composed of 3-sulfated α-fucose ( Figure 9 ) were found only in the unrelated species Thelenota ananas and Holothuria nobilis (Wu et al. 2012; Dong et al. 2015) . We could also detect nonsulfated monofucosylated branches in the species Acaudina malpodioides, Holothuria leucospilota and H. nobilis (Chen et al. 2011; Dong et al. 2014 Dong et al. , 2015 . Even less common are the difucosylated branches (Vieira and Mourão 1988; ; each one of the three species bearing FCSs type II has conspicuous difucosylated branches varying in the sulfation pattern and/or in the glycoside bondage between their α-fucose units (Figure 9) .
The composition and arrangement of α-fucose branches of FCSs clearly differ in a species-specific manner; notwithstanding, we cannot detect a compositional pattern of these branches within the different supra-specific taxa of holothurians, even using the latest and more comprehensive molecular phylogeny inferences (Kamarudin et al. 2016; Miller et al. 2017) . Currently, only 6 from the 27 accepted families of sea cucumbers have had representatives with their FCSs chemically determined ( Figure 9) ; therefore, the patternless distribution of the different α-fucose branches observed herein could be related to the lack of information on the structures of FCSs from species of most families of holothurians. Therefore, it is important to study the species from families that do not have their FCSs characterized so far to understand thoroughly how these complex and special sulfated polysaccharides evolved within the extant holothurians.
Conclusion
In the present work, we unveiled using state-of-the-art NMR techniques the structure and conformation of an FCS type II from the sea cucumber H. lentiginosa with strikingly homogeneous α-fucose branches. This FCS is composed by the typical CS core of these polysaccharides, rich in β-galactosamine-4,6diS units, and α-Fucp-2,4diS, α-Fucp-3,4diS and →1]α-Fucp[1→3]α-Fucp-4S branches neatly distributed along the CS core. Such organized structure clearly differs from the heterogeneous FCS type II from H. grisea Santos, Porto, et al. 2017) . We also demonstrated through the NOE-restrained modeling that in spite of the high sulfate content in their branches that FCS has a fairly rigid structure. Furthermore, we determined in detail the structure of the SF from H. lentiginosa as a tetrasaccharide repetitive sequence composed of →3]α-Fucp-2,4diS
This structure is the same as that from the SF from H. grisea, which represents the first time that two species of sea cucumbers share identical SFs. We further determined that the presence and/or quantities of nonsulfated α-fucose in the difucosylated branches of FCSs type II did not interfere with their anticoagulant potencies.
FCSs are unique sulfated polysaccharides with intrinsic pharmaceutical value extracted exclusively from the sea cucumbers, one of the few marine invertebrates extensively farmed for alimentary purposes. Therefore, FCSs have the potential to become a commercially feasible glycobiological medicine such as other GAG-based drugs extracted from vertebrates, viz. Hep, CS and hyaluronic acid (e.g., Kaderli et al. 2015; Tovar et al. 2016; Santos, Piquet, et al. 2017) .
The enzymatic machinery involved in the synthesis of FCSs as well as their related genes were not determined thus far. Nevertheless, we observed that even early-derived species present complex sets of α-fucose branches (Kamarudin et al. 2016; Miller et al. 2017) and hence it is possible that the different types of sulfotransferases and fucosyltransferases involved in the synthesis of these FCSs emerged early within the holothurians. However, how the genes coding these enzymes are expressed during the speciation Fig. 9 . Distribution of the different α-fucose branches of FCSs within the extant holothurians. Phylogeny of extant Holothuroidea assessed with maximum parsimony, maximum likelihood, and Bayesian approaches using up to six-gene dataset sequences from terminal species with their FCSs chemically characterized or from sister species of representatives with FCSs characterized but with molecular dataset unavailable. Estimated mean divergence times are listed in blue adjacent to the nodes, values listed in red represent the mean divergence time of the terminal species from its nearest sister species (when available). Colored boxes surround representatives of the families: Cucumariidae (light brown); Sclerodactylidae (light blue); Phyllophoridae (light magenta); Stichopodidae (light green); Caudinidae (light purple) and Holothuridae (light yellow). The presence and percentage of the α-fucose branches of the FCSs from each species are listed to the right of the tree. All the phylogeny data and inferences were based on Miller et al. (2017) and Kamarudin et al. (2016) . Letters after the species names indicate the original references for their FCSs: (A) of these echinoderms remains elusive and consists of an interesting topic for further investigation.
Materials and methods

Extraction of sulfated polysaccharides from H. lentiginosa
The body wall of the sea cucumber H. lentiginosa (20 g) was cut into small pieces and submitted to proteolytic digestion with papain for 24 h at 60°C (two rounds). The extracts were then precipitated with 10% cetyl-piridinium chloride for 24 h at room temperature and afterward washed with distilled water (three times) and solubilized in 3 M NaCl:ethanol (100:15, v/v). Thereafter, the polysaccharides were precipitated with two volumes of absolute ethanol at 4°C for 24 h and then washed three times with 80% ethanol. The extraction yielded approximately 900 mg (dry weight) of crude extracts of sulfated polysaccharide.
Fractionation of sulfated polysaccharides from the H. lentiginosa
Crude extracts of sulfated polysaccharide from H. lentiginosa (15 mg) were applied in a DEAE-MacroPrep (Biorad) column equilibrated with 5 mM sodium acetate +5 mM EDTA (pH 5.0) and then eluted from the column with a flow rate of 0.1 mL min −1 through a linear gradient of 0→3 M NaCl. The fractions were monitored via methacromasy property using 1,9-dimethylmethilene blue, hexuronic acid content by the carbazole reaction and NaCl concentration. The fraction containing the purified sulfated polysaccharides were pooled, dialyzed against distilled water and lyophilized.
Analytical anion-exchange chromatography
Purified FCS and standards of Hep (Sixth International Heparin Standard), DS (Sigma) and oversulfated CS (Sigma) (1 mg of each) were applied in a Mono-Q column (GE Healthcare) linked to a HPLC system (Shimadzu) equilibrated with 10 mM Tris-HCl + 0.5 M NaCl (pH 7.4) and then eluted from the column with a flow rate of 1.0 mL min −1 through a continuous NaCl gradient of 0.5 → 3 M. The eluent was continuously checked by UV (215 nm) and NaCl concentration.
Gel permeation chromatography
Molecular weight distribution of the FCS (200 μg) was determined via gel permeation chromatography using a set of columns TSK gel G4000SWx1 and G3000SWx1, both 7.5 mm i.d. × 300 mm (Tosoh), linked to a HPLC system (Shimadzu) and eluted with 0.1 M ammonium acetate, at 40°C, with a flow rate of 0.3 mL min continuously monitored by refractive index. The columns were calibrated using a low-molecular weight Hep molecular weight standard (05/112) from National Institute for Biological Standards and Control (NIBSC), the sixth Hep sodium molecular weight calibrant from United States Pharmacopeia (USP-Lot no. FOL4830) and standard chondroitin 6-sulfate from shark cartilage from European Pharmacopeia (EP). Retention times and relative molecular masses were used to derive a calibration curve by fitting a third degree polynomial curve. Weight average molecular weight (M w ), peak molecular weight (M p ), number average molecular weight (M n ) and PD were calculated as described elsewhere (Bertini et al. 2017 ).
Analysis of FCS and SF from H. lentiginosa by solution NMR 1 H and 13 C 1D and 2D spectra of FCS and SF were recorded using a DRX 900 MHz Spectrometer (Bruker) with a triple-resonance probe . Approximately 20 mg of each sample was dissolved in 0. in which r denotes the distances between the proton pairs, NOE is the intensity of the peaks, and ref is the referential values used for normalization. As the studied units are mainly Fucp residues at the exclusive 1 C 4 ring configuration, the nonsulfated Fucp H1-H2 intra-residual NOE-based inter-proton distance must be 2.4 Å and hence was used for normalization for the other sulfated Fucp residues. The NOE intensities were set as strong (≤2.5 Å), medium (>2.5 and ≤3.7 Å) and weak (>3.7 Å). Three different NOESY and DQF-COSY experiments were used for statistical assessment of errors in the NOE and scalar coupling constant measurements. The 1 H/ 13 C Multiplicity-Edited HSQC (Ed-HSQC) spectra were recorded with 1024 × 512 points and 256 scans using an echo-antiecho acquisition mode with globally optimized alternating phase rectangular pulses for decoupling. 1 H/ 13 C non-Edited HSQC was performed for quantitative purpose using long T1 in the sample (except the solvent signal) to set the relaxation delay D1 (D1 = 5 or 7 times longer than T1). The 1 H/ 13 C HMBC spectra were recorded with 2048 × 200 points and 512 scans, with a 50-ms delay for evolution of long-range couplings and set with no decoupling during the acquisition time, a low pass filter and a QF magnitude acquisition mode. The 3D 1 H-1 H/ 13 C NOESY/HSQC spectra were recorded at 310 K with 1024 × 85 × 40 (F3 × F1 × F2, respectively) points and 48 scans. The 3D experiment was performed using a phase-sensitive echo-antiecho/States-TPPI acquisition mode with a mixing time of 250 ms, 5.2 Hz of decoupling pulses during acquisition, and 180°shaped pulses of 500 μs for inversion of the F2-chanel. All NMR experiments were referenced using the CH 3 peak of α-Fucp at 1.36/16.4 ppm ( 1 H/ 13 C).
Molecular modeling
The 3D structure of the FCS repetitive unit was generated in PDB format using the Carbohydrate Builder available on the GLYCAM Website (Woods et al. 1995) . The template generated was used for the 3D NOE-restrained modeling using the Discovery Studio Visualizer software (DSV v16.1.0.15350, 2016) . The calculated intra-and inter-residues NOE values obtained from the 1 H-1 H NOESY experiments were uploaded in the DSV software to restrain the model. The carbohydrate parameters from GLYCAM06j (Kirschner et al. 2008 ) was used for energy minimization and the final structure obtained was converted into Mol2 format to attain the molecular graphics in PyMOL Molecular Graphics System software (PyMOL v2.0.1, Schrödinger, Inc.).
Anticoagulant activity of FCS based on the APTT
A mixture of 100 μL of human plasma and various concentrations of FCS or Hep standard was incubated with 100 μL of APTT reagent (kaolin bovine phospholipid reagent from Biolab-Merieux AS, Rio de Janeiro, Brazil). After 2 min of incubation at 37°C, 25 mM CaCl 2 (100 μL) was added to the mixtures and the clotting time recorded in a coagulometer KC4A (Heinrich Amelung GmbH). The results were expressed as the ratio of clotting time in the presence (T) or absence (T 1 ) of different GAG concentrations. The anticoagulant activity was estimated as IU mg −1 using a parallel standard curve based on the sixth International Heparin Standard (2145 units per vial), obtained from the NIBSC (Potters Bar, UK).
Antifactor Xa and IIa activities
